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Fluid flow in micro-channel has continued to attract interest
because of its practical applications in space systems, manufac-
turing and material processing operations, and in high-power-
density chips in supercomputers and other electronics. Several
investigations have been accomplished on forced convection
fluid flow in micro-channels and micro-tube. However, only
a few studies have been carried out on natural and mixed
convection in vertical micro-channels and micro-tube. Chen
and Weng [1] studied the flow mechanism in a verticalmicro-channel and obtained an exact solution of the fully
developed natural convection in an open-ended vertical
parallel-plate micro-channel due to asymmetric heating of
micro-channel walls. They found that the rarefaction and
fluid–wall interaction have significant effects on the flow and
thermal fields. Jha et al. [2] extended this work by taking into
account suction/injection on the micro-channel walls. They
concluded in their work that skin friction as well as rate of heat
transfer is strongly dependent on suction/injection parameter.
The transient hydrodynamics and thermal behaviors of fluid
flow in an open-ended vertical parallel-plate micro-channel,
under the effect of the hyperbolic-heat-conduction model, were
investigated semi-analytically in [3]. They concluded that, as
Knudsen number increases, velocity slip and temperature jump
increase at the boundaries. Haddad et al. [4] numerically inves-
tigated the developing hydrodynamical behaviors of free
convection gas flow in a vertical open-ended parallel-plate
Nomenclature
B viscosity variation parameter
Cq0 specific heat at constant pressure
ln fluid–wall interaction parameter, bt=bm
g gravitational acceleration
k1 radius of the inner cylinder
k2 radius of the outer cylinder
Kn Knudsen number, k=w
q volume flow rate
Q dimensionless volume flow rate
Pr Prandtl number
r dimensional radial coordinate
R dimensionless radial coordinatebR specific gas constant
T temperature of fluid
T0 reference temperature
T1 temperature at outer surface of the inner cylinder
u axial velocity
U dimensionless axial velocity
w dimensional gap between the cylinders
rt; rv thermal and tangential momentum accommoda-
tion coefficients, respectively
Greek letters
a thermal diffusivity
b0 coefficient of thermal expansion
bt; bv dimensionless variables
c ratio of specific heats
l dynamic viscosity
l0 dynamic viscosity at T ¼ T0
h dimensionless temperature
q0 density
m fluid kinematic viscosity ðl0=q0Þ
g ratio of radii ðk1=k2Þ
k molecular mean free path
k0 thermal conductivity
s skin-friction
952 B.K. Jha et al.micro-channel filled with porous media. Their results showed
that the slip in velocity and jump in temperature decreased
in the axial direction of the flow. Numerical solutions were
obtained by Buonomo and Manca [5] for natural convection
in parallel-plate vertical microchannels due to asymmetric
heating by imposing constant heat flux on the boundaries.
Buonomo and Manca [6] further performed a numerical study
on transient mixed convection in a vertical micro-channel due
to asymmetric as well as symmetric heat fluxes on the micro-
channel surfaces. Chen and Weng [7] numerically studied the
creep effect on the flow and heat transfer characteristics, for
developing natural convective microflow in the same geometry.
In another related article, Weng and Chen [8] examined the
influence of wall-surface curvature on the flow and thermal
fields as well as the corresponding characteristics over the
heated wall. The results of this work show the nonlinear
behavior in temperature. It was also concluded that under cer-
tain rarefaction and wall interaction condition, by decreasing
the curvature radius ratio, skin-friction decreases while rate
of heat transfer increases. Jha et al. [9] extended the work of
Weng and Chen [8] to the case in which the cylindrical surfaces
forming the annulus are permeable, i.e. when there is a suction
or injection through the annulus surfaces. They concluded that
as suction/injection on the cylinder walls increases, the fluid
velocity and temperature are enhanced. In another work, Jha
and Aina [10] analyzed the work of Weng and Chen [8] by
incorporating the pressure gradient in the vertical direction.
It is observed that the probability of reverse flow formation
increases at inner surface of outer cylinder of the micro-
annulus by increasing curvature radius, while it decreases with
increase in Knudsen number and fluid wall interaction param-
eter. Avci and Aydin [11,12] presented exact solutions for fully
developed mixed convection in a vertical parallel-plate micro-
channel with constant plate temperature and constant heat flux
on the plates respectively. Also, Avci and Aydin [13] studied the
fully developed mixed convective heat transfer of a Newtonianfluid in a vertical micro-annulus formed by two concentric
micro-tubes. It is found that increasing mixed convection
parameter enhances heat transfer while rarefaction effects con-
sidered by the velocity slip and the temperature jump in the slip
flow regime decrease it. Jha and Aina [14] further extended the
work of Avci and Aydin [13] to the case when suction/injection
is imposed on the annulus surfaces. They concluded in their
study that as suction/injection on the micro-porous-annulus
(MPA) increases, the fluid velocity and temperature increase.
Recently, Jha and Aina [15] investigated steady fully developed
mixed convection flow in a vertical micro-annulus in the pres-
ence of transverse magnetic field. Das et al. [16] presented a
theoretical analysis to investigate the effect of buoyancy force
on mixed convective Couette flow of a reactive viscous incom-
pressible nanofluid between two concentric cylindrical pipes
under bimolecular, Arrhenius and sensitized reaction rates.
In another article, Das et al. [17] studied the fully developed
mixed convection flow in a vertical channel filled with nanoflu-
ids in the presence of a uniform transverse magnetic field. They
reported that the magnetic field tends to enhance the nanofluid
velocity in the channel. Makinde [18] investigated the thermal
analysis of a reactive generalized Couette flow of power law
fluids between concentric cylindrical pipes.
On the other hand, most of the existing analytical studies
for such problems are based on the constant physical proper-
ties of the fluid. However, accurate prediction for the flow for-
mation and heat transfer can be achieved by considering
variation of physical properties with temperature [19], espe-
cially for fluid viscosity. Makinde and Chinyoka [20] presented
numerical solution of unsteady flow of a variable viscosity
reactive fluid in a slit with wall suction/injection. Tshehla
et al. [21] investigated the entropy generation rate in a variable
viscosity liquid flowing steadily through a cylindrical pipe with
convective cooling at the pipe surface. They reported that a
decrease in the fluid viscosity and an increase in viscous heat-
ing enhance total entropy generation in the flow fluid. Klemp
Figure 1 Flow configuration and coordinate system.
Steady fully developed natural convection flow 953et al. [22] studied numerically the effect of temperature depen-
dent viscosity on the entrance flow in a channel in the hydro-
dynamic case. The effects of variable viscosity on
hydromagnetic flow and heat transfer have been studied by
Seddeek [23]. Grasset and Parmentier [24] investigated thermal
convection in a volumetrically heated fluid with strongly tem-
perature dependent viscosity cooled from above. In another
article, Saravanan and Kandaswamy [25] analyzed the hydro-
magnetic stability of convective flow of variable viscosity fluids
generated by internal heat sources. The effect of variable tem-
perature dependent viscosity on the mixed convection flow
from vertical plate is investigated by many authors, e.g. Hady
et al. [26] and Mahmud [27]. The free-or-mixed convection
boundary layer flow from a horizontal surface in a saturated
porous medium taking into account the effect of variable vis-
cosity has been studied by Kumari [28]. Recently, Umavathi
and Ojjela [29] studied the effect of variable viscosity on free
convection flow in a vertical rectangular duct. They observed
that the negative values of viscosity variation parameter show
intense velocity contour in the lower half region of the duct
whereas positive values of viscosity variation parameter show
the intense velocity contours in the upper half region of the
duct. In another related article, Umavathi [30] studied analyt-
ically as well as numerically the combined effects of variable
viscosity and variable thermal conductivity on double-
diffusive convection flow of fluid in a vertical channel filled
with porous material. However, derivation of any exact solu-
tion for steady fully developed natural convection flow in a
vertical annular micro-channel with temperature dependent
viscosity in the presence of velocity slip and temperature jump
at the annular micro-channel surfaces with interfacial slip has
not been attempted. It is well known that exact solutions have
their own theoretical meaning, and many exact solutions
played key roles in the early development of fluid mechanics
and heat conduction [31,32]. Besides their theoretical impor-
tance, exact solutions can also be applied to checking the accu-
racy, convergence and effectiveness of various numerical
computation methods and improving differencing schemes,
grid generation ways and so on. Exact solutions are therefore
very useful even for the newly rapidly developing computa-
tional fluid dynamics and heat transfer.
The objective of this work was to present exact solution of
steady fully developed natural convection flow of fluid having
temperature dependent viscosity in a vertical annular micro-
channel in the presence of velocity slip and temperature jump
at the annular micro-channel surfaces. The mathematical
model employed herein represents a generalization of the work
discussed in [8] to include temperature dependent viscosity.
2. Mathematical analysis
Consider a steady fully developed natural convection flow in a
vertical annular micro-channel with temperature dependent
viscosity in the presence of velocity slip and temperature jump
at the annular micro-channel surfaces. A schematic geometry
of the problem under investigation is shown in Fig. 1, where
X-axis is parallel to the gravitational acceleration g but in
the opposite direction while the r-axis is in the radial direction.
The radius of the inner and outer cylinder walls is k1 and k2,
respectively. The outer surface of the inner cylinder is heatedto a temperature ðT1Þ greater than that of the surrounding
fluid having temperature ðT0Þ and the inner surface of the
outer cylinder is maintained at temperature ðT0Þ. Due to this
temperature difference, natural convection occurs in the verti-
cal annular micro-channel. Since the flow is fully developed
and cylinders are of infinite length, the flow depends only on
radial coordinate ðrÞ. Using Boussinesq’s approximation and
considering temperature dependent viscosity, the governing
momentum and energy equations, describing the present phys-
ical situation can be written in dimensional form as follows:
Conservation of momentum
1
r
d
dr
rl
du
dr
 
þ gq0b0ðT T0Þ ¼ 0 ð1Þ
Conservation of energy
1
r
d
dr
r
dT
dr
 
¼ 0 ð2Þ
The boundary conditions for the velocity and temperature
field in dimensional form are as follows:
uðr ¼ k1Þ ¼ 2 rvrv k
du
dr
jr¼k1 ð3Þ
uðr ¼ k2Þ ¼  2 rvrv k
du
dr
jr¼k2 ð4Þ
Tðr ¼ k1Þ ¼ T1 þ 2 rtrt
2c
cþ 1
k
Pr
dT
dr
jr¼k1 ð5Þ
Tðr ¼ k2Þ ¼ T0  2 rtrt
2c
cþ 1
k
Pr
dT
dr
jr¼k2 ð6Þ
The mathematical model used in the present work to cap-
ture the viscosity variation with temperature is [33]
l ¼ l0 exp½bðT T0Þ ð7Þ
954 B.K. Jha et al.where l0 is the viscosity when temperature is T0 while the coef-
ficient bð0C1Þ determine the strength of dependency between l
and T.
Introducing the following dimensionless quantities in
Eqs. (1)–(7),
R ¼ r k1
w
; w ¼ k2  k1; U ¼ u
uc
; h ¼ T T0
T1  T0 ;
uc ¼ q0gb0ðT1  T0Þw
2
l0
; Pr ¼ Cq0l0
k0
; Kn ¼ k
w
; ln ¼ bt
bm
;
g ¼ k1
k2
; bm ¼
2 rm
rm
; bt ¼
2 rt
rt
2c
cþ 1
1
Pr
; k ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p bRT0=2l0q
q0
;
B ¼ bðT1  T0Þ; ð8Þ
Eqs. (1) and (2) can be written in dimensionless form as
1
gþ ð1 gÞR½ 
d
dR
gþ ð1 gÞR½  exp Bhð Þ dU
dR
 
þ h ¼ 0 ð9Þ
1
gþ ð1 gÞR½ 
d
dR
gþ 1 gð ÞR½  dh
dR
 
¼ 0 ð10Þ
subject to the following dimensionless boundary conditions [8]
Uð0Þ ¼ bvKn
dU
dR

R¼0
; Uð1Þ ¼ bvKn
dU
dR

R¼1
ð11Þ
hð0Þ ¼ 1þ bvKn ln
dh
dR

R¼0
; hð1Þ ¼ bvKn ln
dh
dR

R¼1
ð12Þ
The physical quantities used in the above equations are
defined in the nomenclature.
By using the transformation Z ¼ gþ ð1 gÞR, the Eqs.
(9)–(12) can be written as follows:
1
Z
d
dZ
Z expðBhÞ dU
dZ
 
þ hð1 gÞ2 ¼ 0 ð13Þ
1
Z
d
dZ
Z
dh
dZ
 
¼ 0 ð14Þ
subject to the boundary conditions
UðgÞ ¼ bmKnð1 gÞ
dU
dZ

Z¼g
; Uð1Þ ¼ bmKnð1 gÞ
dU
dZ

Z¼1
ð15Þ
hðgÞ ¼ 1þ bmKn lnð1 gÞ
dh
dZ

Z¼g
; hð1Þ
¼ bmKn lnð1 gÞ
dh
dZ

Z¼1
ð16Þ
Integrating Eq. (14) and applying the boundary conditions
(16) give the following:
hðZÞ ¼ A0 þ A1InðZÞ ð17Þ
where
A1 ¼ 1
InðgÞ  bmKnFð1 gÞ 1þ 1g
 	 ; A0 ¼ bmKnFð1 gÞA1
ð18Þ
Substituting Eq. (17) into the momentum Eq. (13) and solv-
ing it using the boundary condition (15) giveUðZÞ ¼ B0 þ B1C1ðZÞ
C2
C2
 1ð1 gÞ2
A0C1ðZÞE1
2E1
"
þA1C1 ðZÞ
E1
2E21
ðE1 lnðZÞ  1Þ  ðZÞ
E1
4E1
( )#
ð19Þ
Two important parameters for convective micro-flow are
the volume flow rate, and skin-friction. The temperature solu-
tion as well as rate of heat transfer is exactly the same as dis-
cussed by Chen and Weng [8].
The dimensionless volume flow rate is as follows:
Q ¼ q
2pw2uc
¼ 1ð1 gÞ2
Z 1
g
ZUðZÞdZ ð20Þ
By substituting Eqs. (19) into (20) and integrating Eq. (20)
give the following:
Q ¼ 1ð1 gÞ2 B0I4 þ
B1I1C1
C2
 
 1ð1 gÞ4
A0C1I2
2E1
þ A1C1 1
2E21
ðE1I3  I2Þ  I2
4E1

  
ð21Þ
The skin-frictions (s) at the cylinder walls are as follows:
sw ¼ lðTÞ dU
dR
jR¼0
s0 ¼ eBhð1 gÞ dU
dZ
jZ¼g ð22Þ
s0 ¼ exp B A0 þ A1 lnðgÞf g½  B1C1ðgÞðC21Þ  F2
h i
ð1
 gÞ ð23Þ
s1 ¼ lðTÞ dU
dR
jR¼1
s1 ¼ eBhð1 gÞ dU
dZ
jZ¼1 ð24Þ
s1 ¼ exp½BA0½B1C1  F6ð1 gÞ ð25Þ
where C1; C2; B0; B1; E1; E2; I1; . . . ; I4; F1; . . . ;F10 are all con-
stants given in the Appendix A.
In order to verify the accuracy of the present work, we have
computed the numerical value for the velocity for small value
of B. Table gives a comparison of the numerical values of the
velocity obtained in the present work when B ! 0 with those
obtained by Weng and Chen [8] for ln ¼ 1:667. As can be seen
from Table 1, the solutions of the present work agree with
those of Weng and Chen [8] for small values of B.
3. Results and discussion
MATLAB program is written to compute and generate line
graphs for velocity, volume flow rate, and skin friction at both
cylinders for different values of the dimensionless parameters,
such as rarefaction parameter ðbvKnÞ, fluid–wall interaction
parameter ðlnÞ, radius ratio ðgÞ and viscosity variation param-
eter ðBÞ so as to comment on their relative significance in the
flow formation. The present parametric study has been per-
formed in the continuum and slip flow regimes ðKn 6 0:1Þ.
Table 1 Comparison of the values of velocity obtained in the
present work with those obtained by Weng and Chen [8].
g R Velocity ðln ¼ 1:64Þ
Weng and Chen [8] Present work ðB! 0Þ
0.8 0.2 0.0713 0.0712
0.4 0.0838 0.0837
0.6 0.0746 0.0744
0.8 0.0505 0.0503
0.5 0.2 0.0651 0.0650
0.4 0.0730 0.0725
0.6 0.0624 0.0621
0.8 0.0409 0.0405
0.2 0.2 0.0527 0.0526
0.4 0.0538 0.0536
0.6 0.0431 0.0430
0.8 0.0270 0.0269
Steady fully developed natural convection flow 955Also, for air and various surfaces, the values of bv and bt range
from near 1 to 1.667 and from near 1.64 to more than 10,
respectively. So, this study has been performed over the rea-
sonable ranges of 0 6 bvKn 6 0:1 and 0 6 ln 6 10. The
selected reference values of bvKn, and ln for the present anal-
ysis are 0.05 and 1.64 respectively as given in Weng and Chen
[8].
Temperature solution as well as rate of heat transfer is
exactly the same as discussed by Weng and Chen [8]; therefore,
we have only discussed the variation of velocity, volume flow
rate and skin friction for different controlling parameters.
Fig. 2 shows the velocity distribution for different values of
rarefaction parameter ðbvKnÞ for fixed values of B ¼ 0:5 and
ln ¼ 1:64. It is observed that, as rarefaction parameter
ðbvKnÞ increases, the velocity slip at the cylindrical surfaces
increases which reduces the retarding effect of the boundaries.
This yields an observable increase in the fluid velocity.
Furthermore, the slip induced by rarefaction effect increases
as radius ratio ðgÞ increases.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 2 Velocity profile for different values of Kn with
ln = 1.64, B= 0.5.Fig. 3 depicts the effect of fluid–wall interaction parameter
ðlnÞ on the velocity distribution for fixed values of bvKn ¼ 0:05
and B ¼ 0:5. It is evident from Fig. 3 that, the increase in fluid–
wall interaction parameter ðlnÞ leads to the decrease in fluid
velocity and increase in slip velocity near the outer surface of
the inner cylinder while reverse trend is observed at inner
surface of the outer cylinder. In addition, the slip induced by
fluid–wall interaction parameter ðlnÞ increases as radius ratio
ðgÞ decreases while the impact of fluid–wall interaction
parameter ðlnÞ on the slip is more visible for smaller radius
ratio ðgÞ.
Fig. 4 exhibits the effect of viscosity variation parameter
ðBÞ on velocity distribution for fixed values of bvKn ¼ 0:05
and ln ¼ 1:64 It is observed that increase in viscosity
variation parameter ðBÞ enhances the fluid velocity and slip
velocity while the profiles for constant viscosity ðB ¼ 0Þ lie
above B < 0 and below B > 0 on velocity field. This is due
to the fact that as viscosity variation parameter ðB > 0Þ
increases, the viscosity of the working fluid decreases due
to exponentially decaying nature of viscosity which causes
higher velocity and velocity slip while as the viscosity varia-
tion parameter ðB < 0Þ increases, the viscosity of the
working fluid increases which causes lower velocity and
velocity slip. It is also evident in Fig. 4 that velocity slip
increases for B > 0 and decreases for B < 0 with increase
in radius ratio ðgÞ.
Fig. 5 illustrates the effects of rarefaction parameter ðbvKnÞ
and fluid–wall interaction parameter ðlnÞ on volume flow rate
ðQÞ. It is interesting to note that the volume flow rate ðQÞ is a
decreasing function of fluid–wall interaction parameter ðlnÞ.
Furthermore, it is found that increase in radius ratio ðgÞ and
rarefaction parameter ðbvKnÞ leads to increase in the volume
flow rate.
Fig. 6 reveals the influences of rarefaction parameter ðbvKnÞ
and viscosity variation parameter ðBÞ on volume flow rate ðQÞ
It is observed from Fig. 6 that, the volume flow rate ðQÞ
increases, as viscosity variation parameter ðBÞ increases. In
addition, it is interesting to note that increase in rarefaction
parameter ðbvKnÞ leads to increase in the volume flow rate.
Fig. 7 exhibits the effects of rarefaction parameter ðbvKnÞ
and fluid–wall interaction parameter ðlnÞ on skin-friction at0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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Figure 3 Velocity profile for different values of ln with
Kn= 0.05, B= 0.5.
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Figure 4 Velocity profile for different values of B with
Kn= 0.05, ln = 1.64.
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Figure 5 Variation of volume flow rate with Kn at different
values of ln.
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Figure 6 Variation of volume flow rate with Kn at different
values of B.
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Figure 7 Variation of skin friction on the inner cylinder with Kn
at different values of ln.
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Figure 8 Variation of skin friction on the outer cylinder with Kn
at different values of ln.
956 B.K. Jha et al.outer surface of inner cylinder ðR ¼ 0Þ. It is clear that the skin-
friction decreases with the increase in fluid–wall interaction
parameter ðlnÞ and rarefaction parameter ðbvKnÞ. It is interest-
ing to note that the impact of these parameters is significant for
small value of radius ratio ðgÞ.
Fig. 8 shows the effects of rarefaction parameter ðbvKnÞ
and fluid–wall interaction parameter ðlnÞ on skin-friction at
inner surface of outer cylinder ðR ¼ 1Þ. It is evident from
Fig. 8 that increases in radius ratio ðgÞ and rarefaction param-
eter ðbvKnÞ lead to the increase in the skin-friction at inner sur-
face of outer cylinder.
Figs. 9 and 10 illustrate the effects of rarefaction parameter
ðbvKnÞ and viscosity variation parameter ðBÞ on skin-friction
at outer surface of inner cylinder ðR ¼ 0Þ and inner surface
of outer cylinder ðR ¼ 1Þ, respectively. It is observed from
the these Figures that skin friction increases, as viscosity
parameter ðBÞ increases.
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Figure 9 Variation of skin friction on the inner cylinder with Kn
at different values of B.
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
0.05
0.1
0.15
0.2
0.25
0.3
S
ki
n 
fri
ct
io
n 
( τ
1)
η=0.8
η=0.5
η=0.2
B=-1.5,-1.0,-0.5,0.5,1.0,1.5
Kn
Figure 10 Variation of skin friction on the outer cylinder with
Kn at different values of B.
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Steady fully developed natural convection flow formation in a
vertical annular micro-channel having temperature dependent
viscosity in the presence of velocity slip and temperature jump
at the annular micro-channel surfaces is considered. The role
of radius ratio ðgÞ, viscosity variation parameter ðBÞ, rarefac-
tion parameter ðbvKnÞ, and fluid–wall interaction parameter
ðlnÞ on the fluid velocity, volume flow rate and skin-friction
is investigated. This study agrees with the findings of Weng
and Chen [8] for vanishing viscosity variation parameter ðBÞ.
The main findings are as follows:
I. Increasing the values of viscosity variation parameter
ðBÞ enhances the velocity and velocity slip.
II. The volume flow rate increases with the increase in the
values of both viscosity variation parameter ðBÞ and
Knudsen number ðKnÞ.
III. Skin friction increases as viscosity variation parameter
ðBÞ increases.Appendix A
Constants used in the present work.
C1 ¼ expðBA0Þ; C2 ¼ BA1; E1 ¼ C2 þ 2; E2 ¼ E1 þ 1;
B0 ¼ F8F9F7F10F9F7 ; B1 ¼
F8F10
F7F9 ;
F1 ¼ 1ð1gÞ2
A0C1ðgÞE1
2E1
þ A1C1 ðgÞ
E1
2E2
1
ðE1 lnðgÞ  1Þ  ðgÞ
E1
4E1
n oh i
;
F2 ¼ 1ð1gÞ2
A0C1ðgÞðC2þ1Þ
2
þ A1C1 ðgÞ
ðC2þ1Þ
2
lnðgÞ  ðgÞðC2þ1Þ
4
n oh i
;
F3 ¼ C1ðgÞ
C2
C2
;
F4 ¼ C1ðgÞC21;F5 ¼ 1ð1gÞ2
A0C1
2E1
 A1C1 12E2
1
þ 1
4E1
n oh i
;
F6 ¼ C1ð1gÞ2
A0
2
 A1
4
 
;
F7 ¼ F3  bvKnð1 gÞF4;F8 ¼ F1  bvKnð1 gÞF2;
F9 ¼ C1C2
 	
þ bvKnð1 gÞC1;
F10 ¼ bvKnð1 gÞF6 þ F5;
I1 ¼ 1ðgÞ
E1½ 
E1
; I2 ¼ 1ðgÞ
E2½ 
E2
; I3 ¼  ðgÞ
E2
E2
lnðgÞ  1
E2
2
½1 ðgÞE2 ;
I4 ¼ 12 ½1 ðgÞ2;References
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